The spontaneous combustion of coal in underground mines is a vital subject for miners. Every year, many coal fire incidents are caused by spontaneous combustion.
Spontaneous combustion is an oxidation reaction that occurs without an external heat source (Philips, Uludağ, and Chabedi, 2011) . All coals have the potential to combust spontaneously, thereby constituting a potential coal fire risk caused by the auto-oxidation of coal. Spontaneous combustion has been one of the major hazards in underground coal mines for very many years. It causes safety problems and economic losses as a result of inaccessible underground areas. Many methods exist for the detection, prevention, and management of spontaneous combustion in surface mining operations, but in underground mines most of the methods developed for detecting and preventing fires have been unsuccessful. Although the ignition of coal can be detected at the coal surface, the combustion of coal occurs quickly, and it may often be too late to take precautions before a fire begins. So, unexpected mine accidents may take place, and many miners may lose their lives.
Underground coal fires occur in many countries worldwide. One of the most recent significant mine accidents caused by coal fire happened in the Soma underground coal mine in Turkey on 13 May 2014. Unfortunately, 301 miners died in that accident.
Coal fires require three basic elements: oxygen, heat, and fuel. If one of these elements is removed from the environment or contact between them is interrupted, the fire mechanism tends to be suppressed. In coal mines, coal is the main source of fuel, oxygen is needed for the workers, and heat is generated by the exothermic reaction of coal and oxygen, so none of these elements can be removed from the environment. However, the contact between coal and oxygen can be obstructed.
Several theoretical and experimental studies have been carried out on the theory, susceptibility, and detection of spontaneous coal combustion (Handa et al., 1985; Sarac and Soyturk, 1992; Grewer, 1994; Wang, Dlugogorski, and Kennedy, 1999; Kaymakçı and Didari, 2000; Guřanová, 2008; Zubíček, 2008; Zeng-hua et al., 2009; Li, Beamish, and Jiang, 2009; Singh, 2013; Liang and Wang, 2017) . However, fewer studies exist on preventing the spontaneous combustion of coal, and most of the prevention methods are based on chemical agents. Goodson & Associates Inc. has developed a new cellular (foam-containing) grout fire control technology called Thermocell. The basic grout is composed of sand, cement, and water and requires a high proportion of fly ash (a byproduct of coal combustion), to which a quantity of air-entraining foam is added (much like shaving cream) (Colaizzi, 2004) . Tibbs et al. (2013) suggest a 'thin spray-on liner' for replacing steel mesh and they claim that this polymer-based coating material is an effective fire retardant.
Prevention of spontaneous combustion in coal drifts using a lining material Also, Li et al. (2016) reported the potential of a thin spray-on liner for controlling spontaneous combustion and various gas emissions. Wang et al. (2014) studied some chemical inhibitors to prevent the spontaneous combustion of coal due to its structure.
Many other commercial chemical agents have been used for coating the coal surface to prevent air contact, but their cost is quite high. Therefore, a coating application with chemical agents is generally used only for locations that have a high combustion risk. In this research, a cheap, airtight coating material was developed to prevent the contact between coal and oxygen.
The Tuncbilek lignite district is located in the north-east Aegean region of Turkey and is about 60 km away from Kutahya. The site location map is given in Figure 1 . Turkish Coal Enterprise (TKI) is the owner of the lignite licences in the region and accounts for 7.5% of all Turkish lignite production in this licence area. According to statistics obtained from TKI for 2014, 80% of lignite production came from open pits, whereas the remaining 20% was mined from an underground mine in the Omerler district (http://www.gli.gov.tr/faaliyet.html).
The Omerler underground coal mine was faced with fire problems in the years between 2009 and 2011. The development galleries, which were driven into the coal seam, became inaccessible because of the frequent ignition of coal. This caused serious economic losses and threatened the lives of workers. Chemical agents had been used for coating the coal surface, but only some risky areas were coated due to the high cost of lining material. This restricted application was not successful in preventing fires in the mine. It then increased to 1000 ppm in a short period of time, and smoke was observed. After open flame was seen at the bottom gate, the drift was also closed with a fire dam. The third coal fire occurred on 22 December in haulage road K2, and the haulage way was also closed with a fire dam. The locations of the fires and panels are provided in Figure 2 .
In this study, some types of materials with the potential to be used as economical linings for coal surfaces were tested for their ability to prevent spontaneous combustion in the Omerler underground coal mine. First, laboratory studies were carried out to determine the proper mixture. Then, an in-situ study and an industrial-scale application were carried out at the Omerler mine
The complete oxidation of carbon to carbon dioxide is an exothermic reaction that emits between 21 and 42 kJ per gram of coal, taking into account that coal is not composed of pure carbon (Grewer, 1994) .
The chemical and heat balances involved in the lowtemperature oxidation of coal, spontaneous combustion, and final combustion are illustrated by a few fundamental process equations, demonstrating the exothermic nature of the reaction (Grewer, 1994) Because of its structure, as the coal comes into contact with oxygen, it adsorbs the oxygen. At temperatures above 40°C, the adsorption leads to an exothermic reaction and causes the ambient temperature to increase (Sarac and Soyturk, 1992) . If this heat cannot be removed from the environment, the CO and CO 2 concentrations increase at temperatures above 70°C, and water vapour is given off at 125°C. As the increasing temperature of the medium reaches the ignition temperature of coal, underground fires start (Sarac and Soyturk, 1992; Kural, 1998; Jones and Townend, 1949) .
A number of factors are significant when determining the risk of spontaneous combustion in coal. One of the earliest classifications of these factors was revealed by Davis and Reynolds (1928) (Philips, Uludağ, and Chabedi, 2011) . The factors are grouped by chemical and physical properties. In order of importance, the chemical factors to be considered are the rank of the coal and the presence of pyrite, weathering, moisture, organic sulphur, chemical retardants (calcium chloride and sodium bicarbonate), ozone, and bacteria. The physical factors are particle size, moisture, oxygen supply, temperature, 'occluded' gases, and ventilation (Davis and Reynolds, 1928) . Later, the Davis and Reynolds classification of factors was extended by various researchers. One of the latest classifications was mooted by Singh (2013) , as shown in Table I .
The susceptibility of lignites in the Kutahya region to spontaneous combustion was examined by Oren and Sensogut (2010) . The ignition temperatures, average heating rates, and liability indices of Kutahya region lignites vary in the ranges 141-188°C, 0.894-2.619°C/min, and 5.78-17.34 min −1 , respectively. Therefore, the lignites from the Kutahya region are in the 'medium-high' risk group (Oren and Sensogut, 2010) based on the classification developed by Feng (1973) and assuming an average heating rate between 110 and 220°C. The proximate analysis and liability classification (Yildirim et al., 2006) for the study area are given in Table II .
Prevention of spontaneous combustion in coal drifts using a lining material 151 VOLUME 118 The lining material to be applied to prevent coal fires must be impermeable to air, inexpensive, resistant to water and heat, easy to obtain and apply, and have sufficient strength and a low rebound ratio during application. Also, it should not be harmful to human health and must be resistant to environmental effects. Although the main function of the lining material is not to support the roof load, it must be solid enough to form one unified piece across the applied surface. Otherwise, the lining may break or fall down and allow the reaction between coal and oxygen to proceed, resulting in the ignition of coal. For this purpose, three kinds of gypsum (plaster, satin plaster, and moulding plaster) as well as lime, cement, and fly ash were considered. Different mixtures of these materials were tested as a lining material in laboratory conditions. Then, the mixtures were subjected to laboratory tests to determine if they could meet the above-listed specifications. Subsequently, the mixtures were applied on a testing wall by means of a Mono pump to determine the applicability and rebound ratios of the mixtures. After all of tests were completed, the lining materials were applied at the Omerler underground coal mine on an industrial scale.
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Sixteen mixtures were prepared in laboratory conditions. The contents and proportions of materials in the mixtures are shown in Table III .
The mixtures were prepared in cylindrical moulds to facilitate testing of their uniaxial compressive strength (UCS). They were cured under atmospheric conditions for 14 days, and the cured samples were tested in a compression machine to determine their UCS. The setting times of the mixtures were also determined. A short setting time would block the pump, whereas a long setting time would increase the rebound ratio of the mixture. The setting times of the mixtures were tested using a pin penetrating method: a pin was used to puncture samples repeatedly until it could not penetrate, and the corresponding time was recorded as the setting time for each mixture. A setting time of 15 minutes and less is considered to be risky.
One of the most important constraints for a lining material is air permeability. Only the samples that passed all of the other tests were subjected to the air permeability test. The samples were placed in a tube, which was then placed in a burette filled with water to an exact level (Figure 3) .
The thickness 't' that completely blocked air flow under certain air pressures was tested in the permeability test. Air pressure in the test device was obtained using a water column with a height of 10 cm, which gave 100 kg/m 2 of air pressure (980 Pa). Specimens of different thicknesses were tested and those that did not cause any change in water level were accepted as airproof.
Prevention of spontaneous combustion in coal drifts using a lining material L 152 VOLUME 118 After the laboratory tests, the mixtures were sprayed on a relatively large-scale, rough retaining wall using a Mono pump (2.5 kW, 380 V) and compressor at 5 bar to conduct some observational tests (Figure 4) . The pumpability and rebound of the mixtures were evaluated by observation during the application studies on the test wall. These studies yielded a methodology for finding the best applicable thicknesses for the mixtures. After the spraying process, the coatings on the wall were watered every day to determine their water resistance.
The UCS, setting time, pumpability, rebound ratio, air permeability, and water resistance of the mixtures are given in Table IV .
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The mixtures that passed all of the tests (mixtures 3, 5, 8, 12, and 14) were subjected to the air permeability test. Only mixtures 5 and 12 tested as impermeable at a 5 mm thickness and were accepted as airproof.
After all of the laboratory tests and observations were completed, mixtures 5 and 12 were considered as suitable mixtures. The first small-scale test applications of mixture 5 (plaster plus water) and mixture 12 (cement plus fly ash plus water) were carried out at the Omerler underground coal mine in a small part of a drift that was opened in the coal (Figures 5a and 5b) .
Both mixtures were applied successfully and both demonstrated strong adhesion to coal. After 10 days of observation, cracks and splitting were apparent in mixture 5. The plaster (CaSO 4 plus 0.5 H 2 O) also interacted with pyrite in the coal to form FeSO 4 . This reaction occurred rapidly, and the FeSO 4 was visible on the lining material as a yellow colour (Figure 6 ).
One piece of the lining material containing FeSO 4 was taken from the test area and exposed to water. This lining material dissolved in water and became porous, which showed that the plaster and water mixture could not provide air tightness. So mixture 5 failed in underground conditions.
Mixture 12 was undisturbed and kept its original shape. During the two-month observation period, the cement plus fly ash and water mixture did not undergo any reaction. Subsequently, a second application was tested in the coal drift. The wedges between two supports were removed, mixture 12 was applied between the two support elements, and the wedges were replaced (Figure 7 ). Three coatings of the mixture were applied to increase the lining thickness to 7-8 mm.
After the laboratory and in-situ studies, the drifts which had a high combustion risk were coated with mixture 12. The proportions of the mixture used in the pilot studies are given in Table V . An accelerating admixture was added to the mixture at the spray nozzle to lower its rebound. The ratio of accelerating admixture to cement was 0.01.
The fly ash used in this study was supplied from the Tuncbilek power plant. The chemical composition of the fly ash is given in Table VI . Ordinary Portland cement was also used in the mixtures.
A fly-ash silo was established outside the main access to the mine, and a special spray machine was purchased for the pilot study. The spray machine had two tanks: the upper tank was used for mixing dry cement and fly ash, and the lower tank for mixing the blend with water and then pumping it. The technical specifications of the spray machine used in the pilot study are given in Table VII. The first pilot study was carried out in March 2011. The lining material was applied on the haulage way of panel B, which partly intersected the coal seam (Figure 8 ). This haulage way was too close to the open pit panels, so the coal around it had a high ignition potential due to air leakage from the cracks connected to the open pit benches. Also, the haulage way was cut by a fault and this increased the ignition potential. The first and second application areas were about 50 and 30 m in length, respectively.
The wire mesh between the Toussaint-Heintzmann (TH) type supports was ripped out before the spraying process. An 80 m length of the haulage way of panel B was successfully coated in one shift, and the mesh was replaced after spraying ( Figure 9 ). The behaviour and performance of the lining material was then inspected each month, and no ignition was recorded. After the successful coating application, all new development drifts that were driven into the coal were coated with the cement and fly ash blend immediately after supporting the galleries with TH supports. Since the coating application, no coal fires have been recorded in the Omerler underground coal mine.
The unit cost of the lining material was calculated from the application of the coating between two supports as $0.42 per m 2 for a 1 cm thickness, excluding labour. The fire retardant chemical previously used by the mine authorities cost about $70 per m 2 for a 1 cm thickness.
The spontaneous combustion of coal is a serious hazard in underground coal mines. Every year, many underground mineworkers are injured or killed by this kind of disaster, which also causes economic losses for the companies involved.
The easiest way to prevent coal fires is to avoid contact between the coal and air, and an airproof lining material is Prevention of spontaneous combustion in coal drifts using a lining material VOLUME 118 
155
L
